Antimicrobial peptides (AMPs) are important components of the innate immune system. Enterohaemorrhagic Escherichia coli (EHEC), a food-borne pathogen causing serious diarrheal diseases, must overcome attack by AMPs. Here, we show that resistance of EHEC against human cathelicidin LL-37, a primary AMP, was enhanced by butyrate, which has been shown to act as a stimulant for the expression of virulence genes. The increase of resistance depended on the activation of the ompT gene, which encodes the outer membrane protease OmpT for LL-37.
| INTRODUCTION
Enterohaemorrhagic Escherichia coli (EHEC) is a causative agent of severe diarrhoea and, on some occasions, causes haemorrhagic uraemic syndrome (Kaper, Nataro, & Mobley, 2004) . Key virulence traits of EHEC are the production of Shiga toxins and colonisation on the epithelial surface of the intestine with intimate attachment (Lievin- Le Moal & Servin, 2013) . Upon contact with host cells, EHEC translocates a variety of virulence factors by using a needle-like nanomachine called the type three secretion system (T3SS; Garmendia, Frankel, & Crepin, 2005) . Once inside host cells, these virulence factors (called effectors) modulate and/or prevent host functions and mediate the intimate attachment of the bacteria by providing a receptor molecule, Tir, for outer membrane protein intimin. T3SS components and several effectors and intimin are encoded in a pathogenicity island, the locus for enterocyte effacing (LEE), on the chromosome, and their expression is enhanced in response to intestinal signals such as butyrate through transcriptional regulation (Mellies & Lorenzen, 2014; Nakanishi et al., 2009 ). Sequential and coordinated activity of the transcriptional regulators Pch and Ler, whose genes are located in prophages and in LEE, respectively, controls the expression of LEE genes and other virulence-associated genes, including non-LEE effector genes (Abe et al., 2008; Fukui, Oshima, Ueda, Ogasawara, & Tobe, 2016) . In the case of the butyrate response, the additional regulator Lrp, encoded on the E. coli backbone chromosome, is involved upstream of these virulence regulators (Nakanishi et al., 2009 ). Consequently, a number of genes involved in the EHEC-host interaction, most of which are differentially acquired genes through horizontal gene transfer and are located in scattered sites on the EHEC chromosome, are coordinately activated when sensing signals for infection.
The intestinal surface is faced with myriad microorganisms forming symbiosis and is also a major entry site for enteric pathogens. The intestinal barrier consists of sophisticated communication systems and multilevel defence mechanisms (Muniz, Knosp, & Yeretssian, 2012) . Cationic antimicrobial peptides (AMPs) are one of most prominent and nonspecific components of host defence systems. The cathelicidin family of AMPs has been identified in various mammalian species. LL-37 is the only known human cathelicidin, produced from the precursor protein hCAP18 (Mukherjee & Hooper, 2015) . LL-37 kills bacteria through the non-enzymatic mechanism of bacterial membrane attack. For the other AMPs, LL-37 is attracted to the negatively charged bacterial membrane and inserts into the lipid bilayer to form pores, leading to disruption of membrane potential, outflow of ions, and osmotic lysis (Brogden, 2005) . AMPs also contribute to innate and adaptive immunity and possess effective chemo-attractant activity by recruiting monocyte and T cells to the site of infection (Bals & Wilson, 2003) .
Outer membrane proteases of the omptin family are found in a number of Gram-negative pathogens, including Yersinia pestis, Salmonella enterica, Citrobacter rodentium, Shigella spp., and E. coli. Individual omptins have been shown to cleave common and different substrates and to contribute to pathogenesis in common and different ways (Kukkonen & Korhonen, 2004; Riva, Korhonen, & Meri, 2015; Thomassin, Brannon, Gibbs, Gruenheid, & Le Moual, 2012) . Pla, the omptin of Y. pestis, is a plasminogen activator to induce fibrinolysis and a major virulence factor in plague (Korhonen, Haiko, Laakkonen, Jarvinen, & Westerlund-Wikstrom, 2013) . PtgE of S. enterica targets other regulatory proteins to activate fibrinolysis (Korhonen, 2015) and pro-metalloproteinase-9 to enhance gelatin degradation (Ramu et al., 2008) . The omptins of S. enterica, Y. pestis, E. coli, and Shigella flexneri have been shown to activate urokinase (uPA), associated with the enhancement of cell migration . Several complement proteins are also substrates of omptin, leading to decreases in opsonisation and phagocytosis (Ramu et al., 2007; Riva et al., 2015) . Proteolytic degradation of AMPs has been shown to be one of the resistance mechanisms used by Gram-negative bacteria. OmpT of EHEC and enteropathogenic E. coli (EPEC) degrades and inactivates human cathelicidine LL-37 (Thomassin et al., 2012) .
However, the contribution of OmpT to LL-37 resistance is more apparent in EHEC than in EPEC because of differences in the expression levels of the ompT gene (Thomassin et al., 2012) . CroP of Citrobacter rodentium, the murine EPEC-like pathogen, cleaves cathelicidine-related AMP more efficiently than human cathelicidine LL-37. The difference in expression levels and substrate specificity suggests that omptins and their genes evolved in response to their niches and played a role in infection (Brannon, Thomassin, Gruenheid, & Le Moual, 2015; Thomassin et al., 2012) .
Outer membrane vesicles (OMVs) are produced by almost all Gram-negative bacteria during normal and stressed growth. OMVs are derived from the outer membrane and include mainly materials from the outer membrane and periplasm. OMVs have been shown to have diverse functions that promote bacterial survival, including the removal of misfolded proteins, nutrient acquisition, transfer of antibiotic resistance, biofilm development, absorption of AMPs and phages, and pathogenesis . In addition, OMVs has been shown to deliver virulence factors to host cells (Jager, Keese, Roessle, Steinert, & Schromm, 2015; Rompikuntal et al., 2015) . The production of OMVs is affected by a variety of proteins, which are involved in cross-linking between the outer membrane and peptidoglycan, lipopolysaccharide (LPS) synthesis and remodelling, and oxidative stress (Elhenawy et al., 2016; Kulp et al., 2015; Schwechheimer, Rodriguez, & Kuehn, 2015) . In addition, although precise mechanisms remain unknown, gene products that positively affect OMVs production have been reported, such as HlyF of extraintestinal pathogenic E. coli and OmpT of EHEC (Murase et al., 2016; Premjani, Tilley, Gruenheid, Le Moual, & Samis, 2014) . Deletion of the ompT gene in EHEC markedly decreases the production of OMVs and changes vesicle size (Premjani et al., 2014) . It has been suggested that varying the expression of the ompT gene in response to environmental changes may affect the production of OMVs in EHEC.
In this study, we explored the EHEC defence strategy against LL-37 during infection. We found that resistance to LL-37 was enhanced by butyrate dependent upon OmpT protease, whose gene was activated by virulence regulators. Despite gene regulation, butyrate and virulence regulators did not affect the amount of OmpT protease and protease activity in bacterial cells. Further experiments indicated that increases in resistance to LL-37 were mainly carried out by increased production of OmpT-loaded OMVs. Thus, we propose a novel role for OMVs as a vehicle for OmpT protease degrading LL-37 at a distance from bacterial cells.
| RESULTS

| Increased resistance against LL-37 in EHEC grown in the presence of butyrate
The expression of LEE genes, which encode the primary virulence factors necessary for EHEC infection, is enhanced in response to the presence of butyrate in the medium. Because EHEC encounters host defence systems during infection, we hypothesised that EHEC activates defence systems against host defence systems as well as virulence factors for adherence and colonisation in response to butyrate present in the intestine. To examine the effect of butyrate on susceptibility to the AMP LL-37, EHEC O157 Sakai wild type (WT) were grown in Dulbecco's modified Eagle's medium (DMEM)-containing sodium butyrate or sodium chloride (hereafter defined as with or without butyrate) and exposed to various concentrations of LL-37 for 2 hr.
Viable cells were then determined. Survival rates were lower at 6 μg/ ml LL-37 for EHEC grown in both media, although the rate of EHEC grown in the medium with butyrate was approximately one-order higher than that grown in the medium without butyrate (Figure 1a ).
Because OmpT protease on the surface of EHEC has been shown to degrade LL-37 (Thomassin et al., 2012) , we assessed the involvement of OmpT protease in butyrate-enhanced resistance against LL-37. The ompT gene deletion mutant of EHEC O157 Sakai was grown with or without butyrate and challenged with LL-37. After exposure to 6 μg/ml LL-37, viable cells of the ompT mutant were lower than 1% of the WT when grown without butyrate, whereas the survival rate of the mutant grown with butyrate remained at a lower level as when grown without butyrate, in contrast to the elevation of the survival rate for the WT grown with butyrate ( Figure 1b) . These results suggested that resistance to LL-37 of EHEC O157 was enhanced in response to the presence of butyrate, and this phenotype was dependent on the ompT gene.
| Outer membrane protease OmpT is responsible for resistance to LL-37
To confirm the involvement of OmpT protease in the increased survival rate, the ompT mutant harbouring the plasmid overexpressing the ompT gene was examined. EHEC strains were grown in DMEM-containing butyrate and exposed to 6 μg/ml of LL-37, and survival rates were determined. By introducing the plasmid-overexpressing ompT, the survival rate was greatly increased (Figure 2a) , which indicates that the strain overproducing OmpT protease became more resistant to LL-37 than the WT. This result was consistent with a previous report, in which introducing multiple copies of the ompT gene increased resistance against LL-37 in EHEC (Thomassin et al., 2012) . The protective role of OmpT against LL-37 was further explored by monitoring the damage to the bacterial membrane caused by the penetration of LL-37. 1-N-Phenylnaphthylamine (NPN), which fluoresces in the hydrophobic environment of damaged membranes, was used as a probe. The WT, the ompT mutant, and the mutant harbouring the ompT plasmid were grown in DMEM-containing butyrate and challenged with LL-37 in the presence of NPN. Fluorescence was monitored throughout 6 min from the addition of LL-37. The intensity of the fluorescence increased in the ompT mutant as soon as exposure began. In contrast, in the WT and the ompT-overexpressing strain, the fluorescence levels remained at basal levels during the 6-min incubation, even in the presence of LL-37 (Figure 2b ). These results indicated that LL-37 disrupts the membrane of bacteria and that OmpT protects bacteria from attack by LL-37. Butyrate enhances resistance to LL-37 in enterohaemorrhagic Escherichia coli (EHEC). (a) Survival rates of EHEC exposed to various concentrations of LL-37. EHEC O157 Sakai wild type (WT) grown in Dulbecco's modified Eagle's mediumcontaining sodium butyrate or sodium chloride was exposed to LL-37 at 0-6.0 μg/ml for 2 hr at 37°C. Colony-forming units (CFUs) were measured, and survival rates were determined against CFUs in the 0 μg/ml control. (b) Effect of butyrate on LL-37 resistance in the ompT mutant. WT or the ompT mutant (ΔompT) of EHEC O157 Sakai was grown with NaCl (N) or sodium butyrate (b) and then exposed to LL-37 at 6.0 μg/ml for 2 hr. Survival rates were determined against mock treatment. An average of five independent experiments is shown. *P < .05 against WT grown with butyrate FIGURE 2 The ompT gene is responsible for increases in LL-37 resistance of enterohaemorrhagic Escherichia coli (EHEC) by butyrate. (a) Survival rates of EHEC strains exposed to various concentrations of LL-37. EHEC O157 Sakai wild type (WT), the ompT mutant (ΔompT), or the ompT mutant harbouring multicopy of ompT gene (ΔompT/ompT) was grown in Dulbecco's modified Eagle's medium (DMEM)-containing sodium butyrate and exposed to various concentrations of LL-37 for 2 hr. Survival rates were determined against the 0 μg/ml LL-37 control. (b) Membrane damage by LL-37 in EHEC strains. EHECs grown in DMEM-containing butyrate were collected and exposed to LL-37 (6.0 μg/ml) in the presence of N-phenyl-1-naphthylamine (3 μM), and the fluorescence intensity was monitored for 6 min. The representative data from three experiments are shown 2.3 | Expression of ompT gene is activated by regulators for virulence genes Susceptibility of EHEC to LL-37 was reduced dependently on the ompT gene when grown with butyrate, which also enhances the expression of virulence genes encoding T3SS and its substrate effectors. This suggested that the ompT gene is positively regulated by virulence regulators coordinately with LEE genes and other related genes. Next, we explored the effect of butyrate and the role of virulence regulators in the expression of the ompT gene. Expression of the ompT gene was monitored by measuring the amount of transcript by quantitative polymerase chain reaction (PCR). When compared to the amount of transcript in EHEC O157 Sakai WT grown with or without butyrate, the transcript levels of the ompT gene were 3.3-fold higher in EHEC grown with butyrate than without butyrate ( Figure 3a ). This result suggested that expression of the ompT gene was enhanced in response to butyrate. Next, we assessed the involvement of virulence regulators in ompT gene activation. The expression of LEE genes and effector genes outside of LEE is coordinately activated through the action of two regulators, Pch and Ler (Abe et al., 2008; Fukui et al., 2016) . In addition, FIGURE 3 Expression of the ompT gene in the enterohaemorrhagic Escherichia coli (EHEC). (a) Effect of butyrate on transcript levels of the ompT gene in EHEC. EHEC O157 Sakai wild type (WT) was grown with sodium butyrate (butyrate) or sodium chloride (NaCl), and total RNAs were extracted. The amount of ompT transcript was determined by real-time quantitative polymerase chain reaction and normalised to the amount of rpoB mRNA. Relative amounts are shown. *P < .05 between NaCl and butyrate. (b) The ompT transcript in EHEC deficient in regulatory genes. EHEC WT and strains deficient in pch genes (Δpch), ler gene (Δler), or lrp gene (Δlrp) were grown with butyrate, and total RNAs were extracted. Relative amounts against WT are shown. *P < .05 against WT. (c) The ompT transcript in EHEC grlRA mutants. EHEC WT and strains deficient in grlR genes (ΔgrlR), grlA gene (ΔgrlA), or both gene (ΔgrlRA) were grown with butyrate, and total RNAs were extracted. Relative amounts against WT are shown. No significant difference against WT was detected in the mutants. (d) Production of OmpT protein in EHEC. EHEC O157 Sakai strains harbouring the FLAG-tagged ompT gene were grown with sodium butyrate (WT, Δlrp, Δpch, and Δler) or sodium chloride (WT); bacterial cells were collected by centrifugation at 4 to 7 hr post-inoculation; and total protein samples were prepared by dissolving in SDS sample buffer. OmpT-FLAG and DnaK were detected by using the anti-FLAG antibody and anti-DnaK antibody, respectively. (e) Effect of butyrate on OmpT activity in EHEC. EHEC WT was grown with butyrate or NaCl and collected, washed, and suspended in M9 medium. The activity of OmpT protease on the bacterial cell surface was measured as fluorescence, which was produced by cleavage of the fluorescence resonance energy transfer (FRET) substrate. (f) OmpT protease activity of EHEC strains deficient in regulatory genes. WT or mutants were grown with butyrate, and the OmpT protease activity was measured using the FRET substrate the regulator Lrp has been shown to be necessary for the activation of LEE genes in response to butyrate (Nakanishi et al., 2009) . EHEC O157 Sakai WT and its derivatives lacking one of these regulatory genes were grown with butyrate, and amounts of ompT transcript were measured. Compared to the transcript level in the WT, all three mutations reduced the level of the ompT transcript. In particular, deletion of lrp gene resulted in a marked reduction (0.03% of WT) of ompT gene transcription (Figure 3b ), whereas deletion of pch or ler gene resulted in mild reduction (53% and 42%, respectively). Because the other LEEencoded regulator, GrlA, has been shown to directly regulate genes outside of LEE, such as flhDC and ehxCDBA (Padavannil et al., 2013) , we examined the effect of GrlA on the regulation of ompT gene. The
GrlA is suppressed by binding of GrlR, whose gene, grlR, is located upstream of grlA gene in the grlRA operon. The transcription of ompT was not affected by any of grlR, grlA, or grlRA deletion mutation (Figure 3c ). This result indicated that enhancement of ompT gene expression in EHEC in response to butyrate was achieved by a combination of the actions of three regulators, Pch, Ler, and Lrp, but not by GrlA. Moreover, the contribution of Lrp to ompT gene expression is much greater than that of Pch and Ler.
| Production of OmpT protease in bacterial cells is not affected by butyrate
To compare the production of the OmpT protein in EHEC, we detected Additionally, the activity in the mutant remained at the same level as in the WT, except in the lrp mutant, in which the activity was reduced to a much lower level compared to the WT (Figure 3f ). These results were consistent with the production of the OmpT protein in EHEC strains but inconsistent with differences in transcript levels.
2.5 | OMVs are responsible for butyrate-enhanced resistance against LL-37
Despite the increase in ompT gene transcription and resistance to LL-37 by butyrate, levels of OmpT protein and protease activity in bacteria were not affected by butyrate. A possible explanation is that the increase in protection against LL-37 was brought out by the increase in secreted-OmpT in response to LL-37 attack. To examine this possibility, culture supernatant from EHEC grown with or without butyrate was added when exposing EHEC grown without butyrate to LL-37, and the survival rates were compared. Incubation with LL-37 in the presence of culture supernatant from butyrate-stimulated EHEC WT increased the resistance to LL-37 of EHEC ompT mutant (Figure 4a ).
To explore the role of OmpT in the protection, the culture supernatant from the ompT mutant grown with or without butyrate was also examined. The survival rates in the presence of the supernatant of the ompT mutant cultures were even lower than that in the presence of the WT supernatant without butyrate (Figure 4a ). This suggested that a secreted factor(s) is involved in butyrate-enhanced protection against LL-37 and the ompT gene is necessary for the production of the secreted factor(s). Because OmpT protease activity has been shown to require direct interaction with LPS (Kramer et al., 2002) , it is unlikely that free OmpT protein in the supernatant contributes to the degradation of and protection from LL-37. Gram-negative bacteria, including EHEC, produce OMVs that contain proteins mainly from the outer membrane and periplasm. Taking this into consideration, it seems rational that OmpT in OMVs is responsible for differences in resistance to LL-37. To examine this hypothesis, OMVs were isolated from cultures of EHEC grown with or without butyrate, and amounts of OMVs and OmpT activities were compared. From the cultures of EHEC grown with butyrate, the amount of OMVs, which was determined by measuring the lipid content, was approximately 16 times higher than that from cultures without butyrate (Figure 4b ). OmpT protease activity of OMVs was also compared by measuring the degradation rate of FRET OmpT substrate peptide, and differences between two OMV preparations were observed as higher activity in OMV samples from cultures with butyrate ( Figure 4c ). Finally, we compared the amount of OmpT protein in OMV samples from cultures of EHEC possessing the FLAG-tagged ompT gene. As shown in Figure 4d , much higher amounts of OmpT protein were detected in OMV samples from cultures with butyrate than from cultures without butyrate, although at the same level in bacterial cells. These results indicated that butyrate enhances EHEC to produce OMVs carrying OmpT protease and elevates protease activity against LL-37 in the supernatant.
| Secretion of OMVs from EHEC deficient in the virulence regulatory gene
Recently, Premjani et al. (2014) reported that production of OMVs by EHEC was decreased upon ompT gene deletion and enhanced by overexpression of the ompT gene. On the basis of these results, it was proposed that changes in ompT gene expression positively affect the formation of OMVs in response to changes in the environment.
Therefore, we speculated that OmpT protein and its protease activity secreted as the OMVs component was differentially regulated in accordance with changes in ompT gene expression levels. First, we examined the OmpT protease activity on OMVs produced from an EHEC strain deficient in or possessing a multicopy of the ompT gene grown in the medium-containing butyrate. Compared to WT, the amount of OMVs produced by the ompT mutant was reduced (50% of WT) and greatly increased (12.7-fold of WT) by the ompT-overexpressing strain ( Figure 5a ). As previously reported, the OMVs size became larger with the ompT mutant and smaller with the ompT-overexpressing strain than with the WT (Figure 5b ). The OmpT protease activity in OMVs samples from the ompT-overexpressing strain was greatly increased compared to that in OMVs samples from the WT (Figure 5c ). This indicated that production of OmpT proteaseloaded OMVs was also regulated by the ompT gene. Because our analysis of ompT transcription indicated that the expression of the ompT gene is positively regulated by the virulence regulators Pch and Ler, the production of OMVs and OmpT protease activity in OMVs produced from these mutants were compared to those from the WT. The amount of OMVs produced by either the pch or ler mutants was lower compared to that by the WT (Figure 5d ). In agreement with this result, OmpT protease activity in OMVs preparations of either mutant was lower than that of the WT (Figure 5e ). From the lrp mutant, the OmpT activity was hardly detected in OMVs preparations. Furthermore, the OmpT protein in OMVs preparations was decreased in these mutants (Figure 5f ). These results clearly indicated that OmpT protease activity secreted as OMVs was decreased in accordance with the decrease in ompT gene expression by the deletion of either virulence regulatory gene.
| OMVs protect from LL-37 at a distance from the bacterial cell
When grown in the presence of butyrate, EHEC became more resistant to LL-37, even though the OmpT protease activity in bacterial cells was not greatly affected. Because OmpT protease activity secreted on OMVs was increased by butyrate, we assumed that butyrate-enhanced resistance against LL-37 was achieved by the OmpT protease on OMVs whose production was stimulated by attack with LL-37. It has been reported that incubation with a sublethal dose of polymyxin B, which is a membrane-disrupting antibiotic, enhanced the production of OMVs by enterotoxigenic E. coli (Manning & Kuehn, 2011) . Therefore, we sought to demonstrate the effect of LL-37 on the production of OMVs. The amount of OMVs in the culture supernatant of WT EHEC grown with various amounts of LL-37 was determined as the lipid content (Figure 6a ). The results clearly showed an increase of OMVs in the supernatant as the dose of LL-37 increased up to 3.0 μg/ml, at which concentrations the survival rate was not significantly affected as shown in Figure 1a . Exposure to higher concentration of LL-37, such as 6.0 μg/ml, induced OMVs production although the amount was no more increased. This could be caused by the FIGURE 4 Butyrate-enhanced production of OmpT-loaded outer membrane vesicles (OMVs). (a) Increased resistance against LL-37 with culture supernatant from enterohaemorrhagic Escherichia coli (EHEC) grown with butyrate. EHEC ompT mutant grown without butyrate was exposed to LL-37 in M9-medium-containing culture supernatant (1/50 vol.) of EHEC wild type (WT) or ompT mutant (ΔompT) grown with NaCl or butyrate for 2 hr. Survival rates were determined against mock (no LL-37) treatment. (b) Butyrate-enhanced production of OMVs produced from EHEC. OMVs were isolated from cultures of EHEC grown with NaCl or butyrate, and amounts of OMVs were determined using FM4-46 as fluorescence intensity. (c) OmpT activity in OMV fractions. OmpT activity was measured using the fluorescence resonance energy transfer (FRET) substrate as changes in fluorescence intensity. (d) OmpT proteins in OMV fractions. From total proteins of the OMV fraction of EHEC grown with NaCl (N) or butyrate (B), OmpT protein was detected by immunoblotting with the anti-FLAG antibody. As references, OmpT and DnaK proteins in bacterial cells prepared from bacteria (Bact.) in the same cultures used for OMVs isolation were detected decrease of the survival rate (Figure 1a) . The results suggested that increases in the resistance of EHEC to LL-37 were mainly due to the increase in the production of OmpT-loaded OMVs. To confirm this, we examined the protective activity of OMVs against LL-37 for the ompT mutant. During exposure to LL-37, the various amounts of OMVs isolated from EHEC WT or the ompT mutant or the ompT-overexpressing strain were supplied to the culture. The survival rate of the ompT mutant became higher, in accordance with the increase in OMVs addition. Compared to the OMVs from the ompT mutant, OMVs from the WT or the ompT-overexpressing strain protected the ompT mutant FIGURE 5 Virulence activating factors enhanced the production of outer membrane vesicles (OMVs) with OmpT. (a) Effect of the ompT gene on OMVs produced. OMVs were isolated from the culture supernatant of enterohaemorrhagic Escherichia coli (EHEC) wild type (WT) or ompT mutant (ΔompT) or ompT-overexpressing strain (ΔompT/ ompT). Relative amounts of OMVs against WT were determined using FM4-46. (b) Transmission electron microscopy images of OMVs. OMV fraction from WT or ompT mutant (ΔompT) or ompT-overexpressing strains (ΔompT/ompT) were subjected to trans-electron microscopy. Bars indicate 100 nm. (c) OmpT protease activity of OMV fractions. The activity in OMV fractions was determined using the fluorescence resonance energy transfer (FRET) substrate and expressed as changes in fluorescence intensity. (d) OMVs production from EHEC deficient in virulence regulator genes. WT or pch mutant (Δpch) or ler mutant (Δler) were grown with butyrate, and OMVs were fractionated from culture supernatants. Relative amounts of OMVs against WT were determined using FM4-46 and expressed as fluorescence intensities. (e) OmpT protease activity of OMV fractions from EHEC mutants deficient in virulence regulatory genes. The activity in the OMV fraction was determined using the FRET substrate and expressed as changes of fluorescence intensity. (f) OmpT proteins in OMV fractions. From total proteins of the OMV fraction of EHEC WT or pch mutant (Δpch) or ler mutant (Δler) grown with butyrate, OmpT protein was detected by immunoblotting with anti-FLAG antibody. As references, OmpT and DnaK proteins in bacterial cells prepared from bacteria (Bact.) in the same cultures used for OMVs isolation were detected bacteria much more efficiently (Figure 6b ). This result indicated that OmpT-loaded OMV was an effective countermeasure factor against the attack of LL-37 on bacterial cells.
| DISCUSSION
Host innate immune systems are the first line of defence against invading pathogens. However, for efficient colonisation and proliferation on the surface of the mucosa, EHEC has to overcome these defence systems, including AMPs secreted by epithelial cells. The outer membrane protease OmpT has been shown to protect E. coli by proteolytic degradation of one of major human AMPs, cathelicidin LL-37 (Thomassin et al., 2012) . In this study, we have found that LL-37 resistance of EHEC was enhanced by butyrate dependently upon the ompT gene, whose expression was positively regulated by the virulence regulatory genes for LEE genes. In addition, enhanced resistance against LL-37 was mainly achieved by OmpT protease on OMVs secreted from EHEC, whose production was enhanced by a sublethal dose of LL-37. These results indicated that EHEC enhances the production of OmpT protease-loaded OMVs in coordination with the activation of virulence genes in response to butyrate and LL-37 and that the OmpT-loaded OMVs act as an active defence system against LL-37 (Figure 6c ).
During infection, EHECs encounter host AMPs, and therefore, we hypothesised that resistance against AMPs could be activated as well as adherence capacity in response to intestinal signals.
The expression of LEE genes and related genes is activated by butyrate (Nakanishi et al., 2009) . We examined the effect of butyrate on EHEC susceptibility to LL-37 and found an increased resistance when grown with butyrate, which is the same condition as previous reports for virulence gene activation. Further studies revealed that the increased resistance was due to the enhanced expression of the ompT gene, which encodes a protease for LL-37. The difference in susceptibility to LL-37 could not be explained by the OmpT protease in bacterial cells because the amount of OmpT protein and protease activity was not affected by butyrate.
In contrast to this, the amount of OmpT protease and the activity in OMV fractions in the culture supernatant was greatly increased Induction of OMV production and protection of bacterial cells by outer membrane vesicles (OMVs). (a) Enhancement of OMV production by LL-37. enterohaemorrhagic Escherichia coli (EHEC) wild type (WT) was exposed to various concentration of LL-37, and OMVs were isolated from the supernatant. Relative amounts of OMVs against mock treatment were determined using FM4-46. (b) Protection of EHEC from LL-37 by OMVs. OMV fractions were isolated from supernatants of bacterial cultures of EHEC WT or the ompT mutant (ΔompT) or OmpToverexpressing strain (ΔompT/ompT). The various amounts of OMVs (0, 1.1, 5.6, and 28 μg/ml) from either strain were added to the ompT mutant during exposure to LL-37. Survival rates were determined against mock treatment for LL-37. (c) Model of OMV-mediated active defence system against LL-37. Production of OMVs is stimulated by LL-37 attack. Before more LL-37 reaches the bacteria, OmpT protease on OMVs cleaves and inactivates LL-37 at a distance from the bacterial cells its protease activity (Kramer et al., 2002) . Hence, OmpT could be a novel type of secreted protease, whose secretion is carried out by the production of OMVs and whose association with OMVs is necessary for the activity. We propose that OmpT protease enhances the production of OMVs for the purpose of action distant from the bacterial cell.
The expression of LEE genes is positively regulated by two main virulence factors, Pch and Ler, and its response to butyrate requires another transcriptional regulator, Lrp (Abe et al., 2008; Fukui et al., 2016; Nakanishi et al., 2009) (Fukui et al., 2016) .
The ompT gene could be repressed by H-NS and activated in the same way as virulence genes. Further examination in detail for the regulation of the ompT gene is required to reveal the differences in regulation from LEE genes.
The role of OMVs in survival from the membrane-targeted antibiotic polymyxin B has been reported, in which purified OMVs were shown to protect bacteria by absorption of polymyxin B (Manning & Kuehn, 2011) . In agreement with this observation, even
OMVs from the ompT deletion strain showed a protective effect against LL-37. However, protective activity of OMVs from OmpTpositive strains was much greater than OMVs from the ompT mutant. In contrast to the protection strategy against polymyxin B, EHEC uses OMVs for protection against LL-37 in a more positive way. OmpT protease on OMVs degrades LL-37 before reaching the bacteria. Inactivation of the agent by enzymatic degradation is more efficient than simple absorption because of differences in reusability, suggesting that the OmpT-OMV-mediated protection system evolved as a specific and adapted defence system in EHEC.
In addition, the production of OMVs is elevated by contact with the membrane-targeted agents polymyxin B and LL-37, indicating that membrane damage introduced by these agents triggers OMV production. Because LL-37 production in colonic epithelial cells has been shown to be induced by butyrate (Raqib et al., 2006) , it seems natural that EHEC evolved the ability to enhance production of OmpT-OMVs in response to butyrate. Therefore, production of OmpT-loaded OMVs could be an important system for EHEC to establish colonisation on the mucosal surface. et al., 2001 ) and its derivative strains (Abe et al., 2008; Nakanishi et al., 2009; Tobe, Nakanishi, & Sugimoto, 2011) , as well as the plasmids used in this study, are listed in Table 1 . EHEC possessing a FLAG-tagged ompT gene was constructed using the methods and plasmids of Uzzau, Figueroa-Bossi, Rubino, and Bossi (2001) . pGEM-ompT was constructed by inserting the ompT DNA fragment including the promoter sequence isolated by PCR from the EHEC O157 Sakai chromosome into the pGEM plasmid vector (Promega) at downstream of the lac promoter. Usually, bacteria were grown overnight in LB at 30°C, diluted 100-fold with medium as indicated, and then incubated at 37°C with shaking.
| Susceptibility tests against LL-37
The survival rate after exposure to LL-37 and the membrane damage introduced by LL-37 were determined as follows. Bacteria grown in DMEM containing 0.1 M MOPS (pH 6.7) and 20 mM sodium butyrate or NaCl were collected by centrifugation and washed twice with phosphate-buffered saline (PBS) and then suspended in PBS. The bacterial suspension was diluted 100-fold with M9 medium, and LL-37 was added. OMVs were added when indicated, and the cells were incubated at 37°C with shaking. The bacterial culture was diluted with PBS and spread on LB agar plates to determine the colony-forming units. The survival rate was calculated against colony-forming units in the culture without LL-37.
| Membrane disruption assay
Bacteria were grown to an OD 600 of 1.2 in DMEM containing 0.1 M MOPS (pH 6.7) and 20 mM sodium butyrate or NaCl at 37°C. Bacterial cells were collected and washed twice with PBS, and then suspended to an OD 600 of 0.37 in PBS. Cells were diluted 10-fold in PBS, and 50 μl of suspension was transferred into a 96-well plate. Then, 50 μl of 10 μM NPN (Wako) solution and LL-37 (6 μg/ml) were added, and fluorescence (excitation 350 nm, detection 420 nm) was measured for 6 min on the plate reader SH-9000 (Hitachi).
| Preparation and quantification of OMVs
Bacteria were grown in DMEM containing 0.1 M MOPS (pH 6.7) and 20 mM sodium butyrate or NaCl at 37°C for 8 or 19 hr after a 100-fold dilution of an overnight culture. The culture supernatant was separated from a 20-to 60-ml bacterial culture by centrifugation at 7,500 rpm for 5 min followed by filtration using a 0.45-μm pore size membrane filter (Merck Millipore). OMVs were isolated using one of two methods. For quantitative assays, OMVs in supernatant were precipitated by polyethylene glycol (PEG), and for functional assays, OMVs were separated from low molecular materials by ultrafiltration.
To precipitate OMVs in the culture supernatant, the supernatant was mixed with 0.2 volume of PEG solution (30% PEG6000, 3 M NaCl) at 4°C overnight and centrifuged at 10,000 rpm for 60 min. The precipitates were washed with PEG washing solution (5% PEG, 0.5 M NaCl) and suspended in PBS. To isolate OMVs free of small molecules, the supernatant was subjected to ultrafiltration by Amicon Ultra-15 MWCO 100 kDa (Merck Millipore), and concentrated large materials were washed with PBS. The concentrated fraction containing OMVs in the filter unit was collected. Amounts of OMVs were determined in terms of lipid content by using FM4-46 fluorescence. In brief, 100 μl of OMVs samples were mixed with 4 μl of FM4-46 solution and incubated at room temperature for 10 min. Fluorescence (excitation 488 nm, detection 560 nm) was then measured by SH-9000 (Hitachi). Fluorescence intensity was normalised by the OD 600 of bacterial culture at the starting sample preparation. Total amounts of proteins in OMVs were determined after disruption with 1% Triton X-100 by using the DC Protein Assay (Bio-Rad).
| Transmission electron microscopy
The OMV samples were loaded onto a carbon-coated copper grid (Nisshin EM) negatively stained with EM stainer (Nisshin EM). Transmission electron microscopy images were obtained by Hitachi transmission electron microscopy (H-7650).
| Proteolytic cleavage of omptin substrate
The synthetic FRET peptide substrate containing ortho-aminobenzoic acid (Abz) as the fluorescence emitter and group 2,4-dinitrophenol 
| Statistical analysis
The statistical significance of differences between groups was examined using the unpaired t test. Differences were considered significant at a P value of <.05.
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